Surveillance systems for varicella in Europe are highly heterogeneous or completely absent. We estimated the varicella incidence based on seroprevalence data, as these data are largely available and not biased by under-reporting or underascertainment. We conducted a systematic literature search for varicella serological data in Europe prior to introduction of universal varicella immunization. Age-specific serological data were pooled by country and serological profiles estimated using the catalytic model with piecewise constant force of infection. From the estimated profiles, we derived the annual incidence of varicella infection (/100·000) for six age groups (<5, 5-9, 10-14, 15-19, 20-39 and 40-65 years). In total, 43 studies from 16 countries were identified. By the age of 15 years, over 90% of the population has been infected by varicella in all countries except for Greece (86·6%) and Italy (85·3%). Substantial variability across countries exists in the age-specific annual incidence of varicella primary infection among the <5 years old (from 7052 to 16 122 per 100 000) and 5-9 years old (from 3292 to 11 798 per 100 000). The apparent validity and robustness of our estimates highlight the importance of serological data for the characterization of varicella epidemiology, even in the absence of sampling or assay standardization.
INTRODUCTION
Varicella (chickenpox) is a common, vaccine-preventable disease, caused by a double-stranded DNA virus of the herpesvirus family, varicella zoster virus (VZV) [1] .
Varicella is highly contagious and infection in the pre-vaccine era is almost universal [2] . Varicella is usually a mild disease occurring in early childhood, but complications can occur. The risk of complications increases with age [2] . After primary infection, varicella becomes latent in dorsal root and cranial nerve ganglia. Reactivation of the latent virus due to waning immunity leads to herpes zoster (shingles), a disease which affects dermatomes corresponding to the site of viral reactivation [3] .
Epidemiological data are essential for priority setting and planning of immunization strategies. However, varicella surveillance is rarely carried out systematically in Europe, with most European countries using data from either mandatory reporting or sentinel surveillance sites [4] . Varicella is not included in the European Union (EU) list of mandatory reportable diseases, and consequently there is no standardized case definition for reporting [5] . As European surveillance systems vary in terms of cases captured (all cases vs. cases with complications), case validation methods (e.g. clinical, laboratory, or epidemiologicallylinked) and data granularity (i.e. case-based or aggregated data), obtaining consistent data of the burden of disease of varicella in European countries is challenging [5] . In addition, these surveillance systems are passive and subject to under-reporting [6, 7] . The degree of underascertainment can also be considerable since clinical surveillance only captures medically attended disease, while varicella patients frequently do not seek medical care [8] . Indeed, varicella disease is often mild (especially in young children) and, depending on the country-specific health care-seeking practices, these patients often do not seek health care.
In contrast, varicella seroprevalence studies [9] in the absence of immunization measure all previous infections (asymptomatic, medically attended disease, or not medically attended disease) as varicella antibodies are lifelong. Seroprevalence studies are therefore not prone to underascertainment and under-reporting biases. Such studies are frequently conducted for various childhood vaccine preventable diseases [10] [11] [12] , including varicella [9] , and are used to estimate infectious disease transmission parameters, such as the basic reproduction number R 0 and the force of infection [9, 13] . Only few examples of estimating varicella incidence based on serological data in Europe have been published (Luxembourg [14] , Spain [15] and Italy [16] ).
We carried out a systematic literature review of varicella studies before the introduction of universal varicella immunization in Europe with the objective of estimating the burden of varicella infections [17] . Here we report the results on the seroprevalence data. Specifically, to deal with the heterogeneity in age groups of the reported seroprevalence data, we first estimate country-specific seroprevalence profiles in function of age, based on which we derive the annual age-specific incidence of primary VZV infection (per 100 000). This is, to our knowledge, the first systematic literature review of European studies on VZV-IgG antibody seroprevalence and the first study to report age-specific varicella incidence rates derived from seroprevalence data across Europe.
METHODS

Systematic literature review
Data sources
A PubMed search was conducted for peer-reviewed publications in any language using the search string 'Varicella AND (mortality OR complications OR epidemiology OR seroprevalence OR prevalence OR incidence)' with the search limited to member states of the EU (Austria, Belgium, Bulgaria, Croatia, Republic of Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Liechtenstein, Lithuania, Luxembourg, Malta, the Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden and the UK), Norway, Iceland and Switzerland. Additional information was obtained from the European Center for Disease Prevention and Control (ECDC) website, from national health institutes websites and through personal communication with country-level varicella surveillance ECDC focal points. Hand searching of the reference lists of papers selected for inclusion was conducted to identify additional publications.
Study selection
Serological studies were eligible for inclusion if the data were collected before the introduction of universal varicella immunization in the country's immunization program (year of introduction as documented in reference [18] ), were published on or after 1 January 1995 and provided sufficient information to be included in the analyses (sample size or 95% confidence interval). Studies on specific subgroups (e.g. day-care workers, prisoners, individuals with a negative varicella history) were excluded. Studies that did not provide data for at least one pediatric age group <9 years were included only if there were additional data sources from the same country that included pediatric estimates. Two reviewers (MR-M and MB) screened titles and abstracts. Discrepancies were extensively discussed and no third reviewer was necessary to resolve disagreements. Full-text eligibility was evaluated by a single reviewer (MR-M).
Data collection process
Data extraction from selected studies was performed by a single reviewer (MR-M) into an Excel output file. The following data were extracted: author, journal, year of publication, country, population, age range and by age group; sample size, number of subjects that tested positive, varicella seroprevalence and 95% confidence interval. Additional information was obtained on laboratory methods, commercial tests and handling of indeterminate test results. As quality control, a sample of 10% of the papers was re-extracted by a second reviewer (TV).
Statistical analyses
Varicella seroprevalence data were pooled within each country after visually checking for outlying age profiles. Data on age groups including children below 6 months of age were discarded as seropositivity under that age is confounded with persisting maternal antibodies [19] . The pooled data were then used to model the country-and age-specific seroprevalence π (a) as a function of midage. To estimate π(a), we used the catalytic model with a piecewise constant force of infection λ(a) (or the rate at which susceptible individuals acquire the infection per unit time) as used in Nardone et al. [9] . As nearly all children are seropositive by late childhood, this model estimates the force of infection for three age groups: <5, 5-9 and 510 years of age, assuming lifelong immunity, time homogeneity and non-differential mortality [9] . We used maximum likelihood ensuring monotonicity through restricting the parameter space.
We additionally modeled the age-specific seroprevalence using isotonic splines regression [20, 21] to verify whether the catalytic model with piecewise constant force of infection is sufficiently flexible. If this was the case, we opted to derive the incidence from the catalytic model. We deemed the latter model preferable to the isotonic splines model because it provides an easier extrapolation to age ranges for which there are no observations as well as direct estimates of the forces of infection.
Finally, starting from the estimated seroprevalence, we derived the annual age-specific incidence of primary VZV infection (or the number of new infections within the total population) from differences in seroprevalences (see Section 'Deriving incidence from seroprevalence' for the rationale of this approach). In particular, we derived the annual average incidence (per 100 000) for the age groups: <5, 5-9, 10-14, 15-19, 20-39 and 40-65 years of age. Bootstrapping was used to obtain the 95% percentile confidence intervals of the age-specific incidences and forces of infection. All analyses were carried out in R 3·01 [22] .
Deriving incidence from seroprevalence
Typically, the incidence (measure of infection in the total population) is derived by multiplying an estimate of the force of infection (measure of infection in the susceptible population) with an estimate of the proportion of susceptibles within the population [23] . Indeed, given the age-dependent force of infection λ(a) = x(a)/s(a) -with x(a) being the number of new cases of age a per unit time and s(a) being the number of susceptibles at age a -and given the age-specific incidence i(a) = x(a)/ n(a) -with n(a) being the population size at age a -it follows that the incidence per unit time at age a equals:
being the proportion of susceptibles within the population at age a.
The force of infection λ can be derived from the agespecific prevalence π(a) under the assumptions of lifelong immunity, time homogeneity and non-differential mortality [24] . As early as in the 1930s, Muench [25] introduced the catalytic model, assuming an exponential depletion of susceptibles at a constant rate λ or
The assumption of an age-independent force of infection is not always appropriate and has led to several model extensions allowing the force of infection to vary with age [20, [26] [27] [28] [29] [30] [31] [32] . The only requirement of a consistent model is that the force of infection is non-negative, or that π(a) is a non-decreasing function of age. This is not an intrinsic property of the models above, but can be guaranteed by restricting the parameter space [27, 32] or by imposing monotonicity constraints [20, 31] .
When the force of infection depends on age, expression (2) becomes
with λ(a) being the age-specific force of infection. Given the initial condition that π(0) = 0 (meaning that everyone is susceptible at birth), expression (3) is the solution to the differential equation
describing the change in the non-susceptible fraction π (a) = 1 − s(a)/n(a) over age [26] . As such, the force of infection equals
with π′(a) being the first derivative of π(a) with respect to age a. From substituting (5) in (1), it follows that the incidence rate at age a is
Then, the cumulative incidence from age a to a + k equals
which is simply a difference in seroprevalences. Finally, assuming a constant incidence within the age interval [a, a + k], we obtain the average annual incidence rate (/100·000) through dividing the cumulative incidence for the age interval by the width of the interval:
RESULTS
Selected studies
The PubMed search was conducted on 2 October 2015. The results of the literature search are shown as a PRISMA diagram in Figure 1 . We identified 52 seroprevalence studies from 20 countries. Of these, two were excluded from further analyses because of data duplication with another source (UK and the Netherlands), two because they did not provide age range or mean age (Ireland and Spain) and five because no data for children <9 years of age were available at country level (Austria, Portugal (2), Sweden and Croatia). The characteristics of the remaining 43 studies coming from 16 European countries are summarized in online Supplementary Table S1 .
Seroprevalence
The results were consistent within the different countries for which more than one study was available, with the exception of Italy. For Italy, one study was excluded because it showed an outlying age profile compared with the other Italian studies, an observation also made by the authors of the study [33] . For all countries, the catalytic model and the isotonic splines model provided very similar and good fits to the data with R 2 values >0·85 for all countries (Fig. 2 ). The catalytic model was therefore preferred. The age-specific force of infection estimates are provided in online Supplementary Table S2 . The serological profiles showed a VZV-IgG seroprevalence of over 80% by the age of 10 years for all countries except for Greece and 90% by the age of 15 years for all countries except for Greece (86·6%) and Italy (85·3%) ( Table 1) . VZV-IgG seroprevalence data suggest that the great majority of children and adolescents seroconvert before adulthood. The age at which this happens varies, with substantial betweencountry differences in the seroprevalences in the <5 and 5-9 years old.
Incidence
The highest incidence rates were observed among the <5 years age group in all countries except for Italy, Switzerland and Greece ( Fig. 3 and Table 2 ). Age-specific annual incidence rates of primary varicella infection varied considerably across the countries from 7052/100 000 (Greece) to 16 122 (the Netherlands) for the <5 years old and from 3292/100 000 (Luxembourg) to 11 798/100 000 (Switzerland) for the 5-9 years old. Generally, the incidence in the 5-9 years old increases with decreasing incidence in the <5 years old (Fig. 3) . Primary varicella infection incidence rates drop drastically from 10 years of age onwards with the highest mean estimates in the 10-14 years old in Poland (1652/100 000), in the 15-19 years old in Greece (1370/100 000), and in the 20-39 and 40-64 years old in Italy (371·5 and 112·8/100 000, respectively). Generally, for countries with a high incidence in the <5 years old (i.e. incidence of 10 000/100 000 or more), the incidence in the age groups 10 years and above is very low (Fig. 3) .
DISCUSSION
This systematic review with re-analyses of the serological data provides a comprehensive overview of the seroepidemiology of varicella in Europe prior to the introduction of universal varicella immunization. In total, 43 studies from 16 European countries were used for the analyses. Despite the differences in study characteristics (e.g. study populations, study periods, laboratory tests, handling of equivocal test results), VZV-IgG seroprevalence results were found to be consistent within countries, confirming the robustness of the serological data. In all countries, the vast majority of VZV-IgG antibody acquisition occurred in children under 10 years old, but intercountry variability in the speed of acquisition was observed (Table 1) . VZV-IgG seroprevalence data suggest that nearly all people seroconvert before adulthood. The age at Table 1 . Age-specific seroprevalence (%) of varicella in 16 European countries before the introduction of universal childhood immunization programs Seroprevalence (%) (95% CI) per age group (years)
96·9 (76·2-100) 100 (100-100) 100 (100-100) 100 (100-100) 100 (100-100)
95% CI, 95% confidence interval.
which this happens varies, resulting in three clusters of European countries. The first group represents those with earliest exposure where seroprevalence values already reach 70% or more by the age of 5 years (Belgium, Luxemburg and the Netherlands). The second group reaches <70% seroprevalence by the age of 5 years but over 90% by the age of 10 years (Finland, France, Germany, Iceland, Ireland, Slovenia, Spain and Switzerland). Finally, the group of the latest exposure does not reach 90% seroprevalence by the age of 10 years (Greece, Italy, Poland, Slovakia and the UK). With the exception of the first cluster, these clusters are not geographically co-located, suggesting that other factors than geography play a role in these differences. Differences in social mixing due to micro (i.e. the household-level) and macro (i.e. the community) population structures may influence the age of VZV infection [34] [35] [36] . At the community level, differences in early child care [36] [37] [38] , population density, inequality in wealth and infant vaccination coverage [36] have all been observed to be directly or indirectly related to varicella transmission and might explain the observed intercountry variation. Derived varicella incidences were highest among children <5 years of age in all countries except for Italy, Switzerland and Greece, where the highest mean varicella incidences were observed in 5-9 years old. The annual varicella incidence ranged from 7052/100 000 (Greece) to 16 122/100 000 (the Netherlands) among <5 years old, and from 3292/100 000 (Luxembourg) to 11 798/100 000 (Switzerland) in 5-9 years old.
The approach of deriving varicella incidence from age-specific cross-sectional VZV-IgG seroprevalence data has limitations. It requires the assumption of lifelong immunity, time homogeneity and nondifferential mortality. We deemed time homogeneity to be the strongest assumption. Varicella does not have a pronounced epidemic cycle but its incidence tends to fluctuate in 2-5 years cycles [39] . Although we did not account for cyclical patterns in childhood diseases, this has previously been shown to have little effect when estimating common infectious disease parameters from seroprevalence data [40] . In addition, by comparing and pooling data across different studies, we assumed representative study populations and equivalent serum testing methodology. However, some studies used residual serum samples, while others used population-based random sampling. In addition, equivocal results were not dealt with uniformly across studies: some studies exclude them, others re-test and others classify them as positive or negative (online Supplementary Table S1 ). However, we observed a strong intra-country consistency of the different studies with only one study being excluded because of an outlying age profile. This suggests that the impact of differences in study populations and serum testing methodology is small.
Our results are consistent with a previous VZV infection seroepidemiology study that was conducted in 11 European countries by Nardone et al. [9] , which was also included in our analyses. As with our study, Nardone et al. found that the vast majority of virus transmission occurred in children <10 years of age while substantial differences in the speed of VZV-IgG acquisition were observed between countries (seroprevalence in the <5 years old ranged from 38% in Italy to 97% in the Netherlands). Fig. 3 . Age-specific annual incidence (/100·000) of VZV in sixteen European countries* before the introduction of universal childhood immunization programs by age group. Table 2 . Age-specific annual incidence rate (/100·000) of VZV primary infection in 16 European countries before the introduction of universal childhood immunization programs
Our estimated varicella incidence rates were generally higher than the estimates reported from sentinel surveillance networks and mandatory notification [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . The biggest differences were seen in Belgium, the Netherlands and Italy. Based on the serological data, we estimated an annual incidence in children <5 years of age of 14 600 (Belgium), 16 100 (the Netherlands) and 8000 (Italy) per 100 000. Corresponding estimates based on sentinel surveillance were between 4400 and 5500 annual cases per 100 000 for Belgium [41] , between 3000 and 6100 for the Netherlands [49, 50] and between 1350 and 3900 for Italy. These differences are probably explained by under-reporting [16] and by different patterns of health care utilization in different countries [49] . This is, to our knowledge, the first study to report age-specific varicella incidence rates derived from seroprevalence data across Europe. We showed that the age-specific incidence rates can be easily derived from seroprevalence data as the difference between age-specific seroprevalences. We found the highest incidence rates among children <5 years of age in all countries except for Italy, Switzerland and Greece. Our estimates appear to be valid and robust even in the absence of sampling or assay standardization. These findings highlight the importance of serological data from the pre-vaccination period for obtaining a comparable characterization of VZV epidemiology across European countries, since they are, unlike incidence estimates directly obtained from surveillance, not affected by underascertainment and under-reporting.
In subsequent work [18] , the varicella incidence was used as one of the components to estimate the total burden of varicella by different levels of severity (cases in the community, health care seekers in primary care and hospitals, and deaths). Such detailed burden of disease estimates is essential for the planning and evaluation of varicella control strategies.
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